electromagnetic waveform microscopy. [5] Nevertheless, it remains challenging to simultaneously extend the spatial and temporal resolution of incumbent electron sources, which are mainly determined by the electron beam energy spread, which determines the beam spatial resolution, and high phase synchronization between the probe electron pulses and the pump light/electron pulses, which determines the temporal resolution. [6, 7] It has proven difficult to date to simultaneously realize these two properties in incumbent electron source system, via both photo ndriven (quantum) or field-driven (classical) approaches. [8] Photon-driven photoemission sources are widely applied in state-of-the-art time-resolved electron microscopy and spectroscopy, as their highly monochromatic emission (≈0.7 eV of energy spread) [9] enables high spatial resolution (sub-nanometer) through photon energy-work function matching. [7] However, the temporal resolution (sub-picosecond) of different types of microscopy and spectroscopy is limited as the photon-driven emission is not well-synchronized to the optical phase. [1] Although great efforts have been devoted to improve the temporal resolution, through phase modulation in tailored near-field nanocavities following the photoemission process, [9, 10] for example, the ultimate performance of the modulated electron beam still largely limited by the initial beam emission dynamics.
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In contrast, field-driven photoemission typically occurs through subcycle durations, which naturally achieves electron pulses with high optical phase synchronization. [8, 11] Indeed, this field-driven photoemission has been previously achieved from sharp metal tips under infrared excitation (wavelength >800 nm). [8, [11] [12] [13] Unfortunately, the electron energy spread of such sources is extremely high (3-100 eV) [8, 11, 13] making them ill-suited for many emerging samples of interest. In this regime, the narrow electron energy spread strongly depends on the high field localization and short excitation wavelength. [8] Ultrasharp tips are essential to reduce the electron energy spread. Sharper tips give rise to higher field localization, and facilitate access to the field-driven photoemission regime at shorter wavelengths due to notably stronger field enhancement. However, this is difficult to achieve from traditional metal tips due to difficulties associated with their manufacturing coupled Ultrafast electron pulses, combined with laser-pump and electron-probe technologies, allow ultrafast dynamics to be characterized in materials. However, the pursuit of simultaneous ultimate spatial and temporal resolution of microscopy and spectroscopy is largely subdued by the low monochromaticity of the electron pulses and their poor phase synchronization to the optical excitation pulses. Field-driven photoemission from metal tips provides high light-phase synchronization, but suffers large electron energy spreads (3-100 eV) as driven by a long wavelength laser (>800 nm). Here, ultrafast electron emission from carbon nanotubes (≈1 nm radius) excited by a 410 nm femtosecond laser is realized in the field-driven regime. In addition, the emitted electrons have great monochromaticity with energy spread as low as 0.25 eV. This great performance benefits from the extraordinarily high field enhancement and great stability of carbon nanotubes, superior to metal tips. The new nanotube-based ultrafast electron source opens exciting prospects for extending current characterization to sub-femtosecond temporal resolution as well as sub-nanometer spatial resolution.
Carbon Nanotubes
Ultrafast electron pulses, pumped by femtosecond lasers, allow the unprecedented study of various ultrafast phenomena with high spatial resolution, [1, 2] such as subparticle ultrafast spectral imaging, [3] real-time protein-protein interactions, [4] and www.advmat.de www.advancedsciencenews.com to a need for a sufficiently robust material with a high damage threshold required to survive the high optical fields. The ultrasmall tip radius (≈1 nm), strong field enhancement and impressive structural stability (melting point >2000 K in vacuum), of carbon nanotubes (CNTs), have traditionally afforded highly coherent field electron emission capable of low energy spreads, small virtual source size, and high brightness. [14] [15] [16] [17] [18] [19] As a static electron emission source, CNTs have been shown to outperform metal tips across almost all quantifiable metrics. [20] In this work, for the first time, we demonstrate an ultrafast carbon nanotube-based, sub-nanometer electron source. The extremely sharp tips, coupled with their structural stability, allow extremely high optical-field localization, thereby enabling access to the field-driven photoemission regime at unprecedentedly short wavelengths as low as 410 nm, compared to 800-3000 nm as conventionally used for metallic tips. [8, 12] As a result, a much narrower energy spread (≈0.25 eV) is obtained, an entire order of magnitude improved over previously demonstrated field-driven electron sources. [8, 11] The photoemission process is schematically illustrated in Figure 1A . In our experiments, CNTs were grown by chemical vapor deposition (Supporting Information) and had a narrow normally distributed nominal tube radius between 0.5 and 1 nm ( Figure 1B ; Figure S2 of the Supporting Information).
In the experiments, femtosecond pulses were focused onto the CNT tips under high vacuum, as illustrated in Figure 1C (see Experimental Section). Photoemission from the CNTs was found to depend strongly on the angle of linear polarization of the incident laser, as shown in Figure 2A . The polarization dependence exhibits a cos 6 θ behavior, where θ is the angle between the tip shank and the polarization of the input optical source. This suggested optically driven nonlinear photoemission as the observed translational symmetry only allows excitation by the field component vertical to the emitting surface. [21, 22] This cosine curve also largely excludes any possibility of thermally induced field emission, which has been shown elsewhere to display a sinusoidal-like dependence on the polarization angle. [23] Photoemission currents (I) were recorded as a function of incident laser power (P) under a bias voltage of 50 V, as shown in Figure 2B . The emission current at low pump power was approximately proportional to the fourth power of laser power, suggesting above threshold multiphoton photoemission. [24] The measured work function (φ) of the CNT (≈4.4 eV, see the Supporting Information for details) requires only two photons for photoemission. The enhanced emission nonlinearity indicates that electrons are sourced almost exclusively from the sharp CNT tips. [12] A downward deviation from the fourth power law to lower power law was found as the pump power increases, which presents transition from above threshold multiphoton photoemission to classical field-driven photoemission. [12, 25, 26] The approximate third power law (in the 3-5 mW region) of the I-P curve is also consistent with the cos 6 θ dependency of the polarization angle in Figure 2A , as the optical field adopts a square-law relation to the laser power. In the quasistatic field-driven regime, the photoemission current approximately follows the static field-emission model, which is given by cycle-average Fowler-Nordheim (FN) equation (fitting shown in Figure 2B ): [27, 28] β φ φ β
where I is the emission current, A = 1.56 × 10 −6 AV −2 eV, B = 6.83 × 10 9 V eV −3/2 V m −1 , β is a field enhancement factor, φ is the work function, and F 0 is incident laser field. The FN plot derived from the above current-field curve demonstrates a high degree of linearity, as shown in Figure 2C , which further confirms that the dominant emission has fielddriven behavior. Thus, β can be calculated from the slope (S) of the linearized FN data, using the transformed form of Equation (1):
and:
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The calculated β was 26.7 ± 0.5 (approaching the value estimated from our finite element analysis, see the Supporting Information), which is approximately twice as large as those of conventional metal nanotips. [8, 11, 13] This explains why the visible field-driven wavelength operation is feasible with our CNT emitter, while near-infrared excitation is required for metallic tips.
The Keldysh parameter has been used to estimate the magnitude of the optical field required to support quasistatic electron tunneling, given by: [25] γ
where ω is optical frequency, φ is work function, m is the mass of the electron, and e is its charge, F 0 is the incident optical-field strength, and β is the field enhancement factor of the emitting tips. Recently, when strong field research was expanding into the realm of solid surfaces and nanostructures from its origin in gas molecules, it has been frequently observed that the transition to tunneling behavior occurs when γ ≈ 2. [11, 26] In this work, for a 3 mW 410 nm incident laser, the calculated γ was 1.83 ± 0.034, reasonably supporting the field-driven photoemission regime. With the same calculation method, γ is >2 (for example, γ ≈ 3.63 at 2.3 mW), at above threshold multiphoton photoemission region ( Figure 2C , dashed line). It is due to the much smaller β derived from the slope of the FN plot. This excludes the field-driven photoemission regime at this region (the pump power is less than 2.7 mW). Thus, both the cycle-averaged FN fitting and calculated the Keldysh γ, fully support that our CNT based ultrafast photoemission is operating in the field-driven tunneling regime at 3 mW 410 nm pump light. The field-driven photoemission regime is also supported by the electron energy distribution measurements as discussed below. We stress that this regime was previously unattainable at visible wavelengths due to the relatively low field enhancement and damage threshold of conventional metal tips. This finding provides an effective and convenient means of realizing narrow electron energy spreads.
Beam characterization was conducted using a retarding field method achieved by scanning the anode bias voltage (V b ) under varying laser powers (I-V measurements, Figure 3A) . Three electron dynamics stages (marked as I, II, III in Figure 3A) were involved in the measurements. In stage I (the left-most region), all the emitted electrons exist in a fully retarding field (negative anode bias), such that no electrons can reach the anode as their kinetic energy cannot overcome the retarding potential. As the anode bias increases, the energetic electrons increasingly penetrate through the reduced retarding potential, and ultimately reach the anode (stage II, highlighted in pink in Figure 3A) . In this regime, electrons with different kinetic energy require different collection potentials, such that the width of the potential range in this stage reflects the kinetic energy spread of the electrons, which behave increasing with the laser power increasing, in good agreement with theoretical descriptions reported elsewhere. [8] Due to the anisotropic local field around the tip alongside possible Coulomb repulsion, the emitted electrons diverge to form a cone beam, [12] which will be continuously focused and collected under the action of the increasing anode bias. This leads to a reduced rate of increase in the current, but still depends nonetheless on the laser power, as observed in stage III (the right most region). The slope increases with the laser power, indicating that high optical fields also broaden the electron emission angle. We note a constant current at the right region at an incident laser power of 3 mw suggesting that the generated electron beam has a very small emission angle.
In addition, the energy distribution data at 3 mW also support the field-driven photoemission regime. The kinetic energy of multiphoton photoemission electrons is typical equal to the www.advmat.de www.advancedsciencenews.com difference between the photon energy and the material work function, for example, electrons generated from CNT (φ ≈ 4.4 eV) based two-photon (410 nm, 3 eV) photoemission is expected to have an average kinetic energy of ≈1.6 eV. [29] However, we did not obtain any current signal around −1.6 V bias voltage under 3 mW laser power (see Figure 3C ). Our small kinetic energy (<0.5 eV) excludes the multiphoton photoemission dynamics, indicating that our CNT-based electron source is operating at the field-driven mode.
The energy distribution of the photogenerated electron beam can be determined directly from the differential spectrum of the above I-V b curves, [29] as shown in Figure 3B . The peaks are derived from stage II, of which the width reflects the kinetic energy spread (ΔE) and demonstrates a clear dependency on the laser power. The right shoulders of the peaks are derived from stage III, of which the height reflects the beam divergence. As noted above, when the pump power was 3 mW, a very narrow energy spread down to 0.25 eV (full width at half maximum, FWHM, Gaussian fitting) was observed, which is more than one order of magnitude smaller than that of previously reported field-driven photoemission from metal tips (3-100 eV), and at least two times smaller than previously reported photon-driven sources. [9] To elucidate this emission behavior, we compute the kinetic energy spectrum using experimentally derived parameters in an extended two-step Simpleman model. [8] The simulation includes a simplified FN tunneling model (first step-electron tunneling), and the interaction of the electrons with a strongly localized field near the tip (second step-electron propagation) (Supporting Information). Figure 3C shows the computed contour plot of individual kinetic energy spectrum as a function of laser power. The spectrum features are strongly modulated with the laser power: the FWHM (the range between the upper and lower dotted lines), refer to the electron energy spread and how this increases as a function of laser power, which is consistent with the experimental results observed in Figure 3B . At 3 mW (purple dashed line), our simulations reveal a kinetic energy spread of ≈0.24 eV, which is in good agreement with the experimental data (0.25 eV). The narrow energy spread and the small divergence of the electron pulses greatly benefit beam www.advmat.de www.advancedsciencenews.com line collimation and compression for functionally enhanced microscopy and spectroscopy. We note a broadening of the experimental energy spread relative to our simulations with increasing laser power (inset of Figure 3C ). This may, in part, be attributed to enhanced tunneling probability near Fermi level energies when exposed to high optical fields, [30] as well as possible beam divergence attributed to the Coulomb repulsion, [31] both of which will contribute to the final measured energy spread (as illustrated in Figure S7 , Supporting Information).
By calculating γ as a function of pump wavelength at a fixed surface intensity (56 GW cm −2 ) for CNTs with β = 27 and metal tips with β = 10 (from refs. [8, 11, 13] ), we realized that the higher capability of CNTs to access into field-driven photoemission under a much shorter pump wavelength than that of metal tips ( Figure 3D ). This suggests CNTs are an excellent platform for realizing broadband optical frequency-based electron emitters. In addition, electron pulses operating continuously for more than 50 h (see Figure S8 , Supporting Information) at a high repetition rate of 80 MHz without obvious degradation, highlights the potential of the present CNT devices to operate as high brightness, long lifetime ultrafast electron sources.
Ultrafast processes, such as electronic transitions at the atomic scale, can evolve on time scales of a few femtoseconds and below. Advancing ultrafast imaging into this regime requires electron pulses of not only attosecond duration, but also high optical phase synchronization. Pulses generated from a traditional photon-driven photocathode cannot be shorter than the optical femtosecond pulses used for photoemission, and have a poor optical phase synchronization. In contrast, field-driven photocathodes provide a much shorter pulse duration due to the subcycle emission process, which lead to near ideal optical phase synchronization.
Here we have demonstrated field-driven photoemission from CNT emitters capable of generating extremely low energy spread (≈0.25 eV), which outperforms the current state-of-theart field-driven electron sources by at least an order of magnitude. The high optical-field enhancement (≈27) in the engineered CNTs allows, for the first time, access to field-driven photoemission at unprecedently short wavelengths (410 nm)-an issue that continues to plague metallic sources-which potentially provides much improved beam coherence. Combining the unique geometrical and metrological properties of CNTs allows for simplified beam line collimation and compression system design in ultrafast microscopy and spectroscopy. The present findings suggest CNTs are a likely rich source for the realization of ultrafast electron guns, with the present findings going someway in contributing to sub-femtosecond electron microscopy and spectroscopy, therefore enabling new findings in ultrafast processes in materials with sub-nanometer resolution.
Experimental Section
Photoemission Experimental Setup: A schematic depiction of the experimental electron emission setup is shown in Figure 1C . Photoelectron emission from CNT arrays was triggered with 100 fs laser pulses, with a central wavelength of either 820 or 410 nm, at an 80 MHz repetition rate from a Ti: Sapphire ultrafast laser (SpectraPhysics, Mai Tai-Series, SHG). A standard Si photodiode power sensor (Thorlabs, Photodiode Power Sensor S120C) was used to measure the laser power. White light and a charge coupled device (CCD) were employed to monitor the sample position and the laser spot profile. The laser was linearly polarized with its polarization angle controlled via a polarizer and a half-wave plate. The laser was normally incident on the CNT tip via front illumination, which was focused to a 1.25/2.50 µm (FWHM, 410/820 nm) spot at the CNT cluster apex. Although the as-grown clusters contain many nanotubes, the growth kinetics were such that a few individual tubes protruded, repeatedly between growths, from these clusters producing a few isolated nanoscopic apex ( Figure S5 of the Supporting Information), which is believed are the main photoemission sites giving the extremely high field enhancement there. These photocathode samples were mounted in a high-vacuum chamber (10 −7 Torr). The anode was adjacent to the photocathode, some 400 µm distant, using a thick mica insulating spacer. The anode, together with the insulating separator, was placed directly on the surface of the photocathode with the CNT arrays centrally aligned. A Keithley 2400 source measurement unit was used to bias the anode with voltages of up to 50 V, with the anode current measured. Unless otherwise stated, the current measurements presented in the main text are those recorded at the anode. Every current data, collected by source meter, were acquired from an arithmetic average of 100 repeated measurements.
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